To maintain iron homeostasis within the cell, bacteria have evolved various types of iron acquisition systems. Ferric iron (Fe 3+ ) is the dominant species in an oxygenated environment, while ferrous iron (Fe 2+ ) is more abundant under anaerobic conditions or at low pH. For organisms that must combat oxygen limitation for their everyday survival, pathways for the uptake of ferrous iron are essential. Several bacterial ferrous iron transport systems have been described; however, only the Feo system appears to be widely distributed and is exclusively dedicated to the transport of iron. In recent years, many studies have explored the role of the FeoB and FeoA proteins in ferrous iron transport and their contribution toward bacterial virulence. The three-dimensional structures for the Feo proteins have recently been determined and provide insight into the molecular details of the transport system. A highly select group of bacteria also express the FeoC protein from the same operon. This review will provide a comprehensive look at the structural and functional aspects of the Feo system. In addition, bioinformatics analyses of the feo operon and the Feo proteins have been performed to complement our understanding of this ubiquitous bacterial uptake system, providing a new outlook for future studies.
INTRODUCTION
Iron is an essential nutrient for the vast majority of organisms studied to date. Its indispensable nature stems from the many roles that this metal ion plays within the cell, from being incorporated into proteins for essential cellular mechanisms (e.g. ribonucleotide reductase enzymes), to acting as oxidative stress sensors (e.g. superoxide dismutases), to being incorporated as heme or iron-sulfur cluster cofactors for various energygenerating and regulatory proteins (Hassan and Schrum 1994; Crichton 2009; Chu et al. 2010; Braun and Hantke 2011) . Iron deprivation can lead to death of an organism while an excess of iron can cause damage to cellular machineries through free radical formation via the Fenton Reaction (Fenton 1876; Touati 2000) . Thus, it is of critical importance to understand how iron homeostasis is maintained. A key factor for regulating the intracellular iron availability is the action of various iron uptake systems. Many bacterial iron transport mechanisms exist to satisfy the demands for iron under differing environmental conditions. Under aerobic conditions, the predominant form of iron is ferric (Fe 3+ ) iron. Free ferric iron is highly insoluble (10 −18 M) and is usually sequestered as iron salts and iron oxides or it is found bound to host iron-binding proteins such as hemoglobin, ferritin and transferrin (Grass 2006) . Many bacteria can also produce and secrete high-affinity iron chelators termed siderophores to procure the extracellular ferric iron for uptake (Hider and Kong 2010; Krewulak and Vogel 2011) . The free ferric iron concentration in host environments is fairly low, thus these high-affinity chelators allow bacteria to compete with host iron-binding proteins for iron. To transport these different iron complexes, bacteria can synthesize specific receptors and transporters. In
Gram-negative bacteria, the most common transport mechanism for ferric iron is through specific outer membrane receptors that deliver the substrate into the periplasm with the aid of the TonB-ExbB-ExbD complex. The subsequent uptake from the periplasm into the cytoplasm is then mediated through an ATPbinding cassette (ABC) transporter system (Postle and Larsen 2007; Vogel 2008, 2011 ). The energy required for the uptake of ferric complexes through the outer membrane is provided by the TonB-ExbB-ExbD periplasmic/inner membrane complex which in turn harvests energy from the electrochemical gradients across the inner membrane (Chu et al. 2010) . Once the ferric-siderophore or ferric-heme complex has entered the periplasm, it binds to a periplasmic binding protein that is involved in initiating the transport across the cytoplasmic membrane. The second energy-requiring step of the process relies on cellular ATP to mediate iron transport from the periplasm into the cytoplasm. A number of distinct transport pathways exist for various ferric complexes (Fig. 1) . Common factors for all Gram-negative transport systems are the TonB-ExbB-ExbD complex and the ABC transporter, both of which reside in the inner membrane. As expected, Gram-positive cells which lack an outer membrane, also do not express a TonB-ExbB-ExbD complex to mediate ferric iron transport. Furthermore in Gram-positive bacteria the siderophore binding protein is anchored through fatty acid groups to the cellular membrane and it delivers the ferriccomplex directly to an ABC transport system into the cytoplasmic membrane. Once the iron-complex enters the bacterial cell, the iron is released through the reduction of ferric iron to ferrous iron via ferric iron reductases (Schröder, Johnson and de Vries 2003; Miethke and Marahiel 2007) . In some cases, intracellular proteolysis of the peptide backbone of the siderophore can also release the iron in the cell (Miethke 2013) . Free intracellular iron is then incorporated into various metallo-proteins to be used for different biological processes. Alternatively bacteria can store the iron in bacterioferritin or the ferritin-like Dps proteins (Chiancone and Ceci 2010) . The bacterial ferric iron uptake systems have been extensively reviewed (Krewulak and Vogel 2008; Chu et al. 2010; Miethke 2013; Contreras et al. 2014 ) recently, and they will not be discussed further here. In anaerobic and low-pH environments, iron can switch from the insoluble ferric form to the more soluble ferrous (Fe 2+ ) form.
In contrast to its ferric counterpart, which is essentially always present in a complexed form, ferrous iron usually exists in its free form where bacterial transport systems can directly take up the metal. Because of the distinct chemical properties of Fe 2+ and Fe 3+ (Frausto da Silva and Williams 2001) , different transport systems are required for ferrous iron and in contrast to its ferric counterparts, much less is known about ferrous iron transport systems.
Ferrous Iron Transport Systems
In Gram-negative bacteria, ferrous iron is thought to diffuse freely through the outer membrane porins, so that it can enter the periplasm from where it can be transported into the cytoplasm via different transport systems (Ge and Sun 2011) . The various bacterial ferrous iron transport systems that have been described in the literature to date are MntH, ZupT, YfeABCD, FutABC, EfeUOB and Feo (Fig. 2) (Kammler, Schon and Hantke 1993; Makui et al. 2000; Katoh, Hagino and Ogawa 2001; Courville et al. 2004; Grass et al. 2005; Grosse et al. 2006; Cao et al. 2007; Koropatkin et al. 2007; Perry, Mier and Fetherston 2007; Haemig, Moen and Brooker 2010) . The MntH transporter is a protein that is made up of eleven transmembrane helices; it is part of the NRAMP (natural resistance-associated macrophage proteins) transporter family (Courville et al. 2004) . NRAMP transporters are well characterized among eukaryotes and within the last decade, the knowledge of this family in prokaryotes has expanded. MntH is a divalent metal ion/proton symporter and highly conserved residues found in its transmembrane segments help transport divalent ions into the cell (Haemig, Moen and Brooker 2010) . In eukaryotes, it has been shown that MntH is able to transport both ferrous iron and manganese with iron being preferred, while in prokaryotes, manganese transport seems to be favored (Makui et al. 2000; Haemig, Moen and Brooker 2010) . ZupT is a transporter that is related to the eukaryotic Zip family of divalent metal ion transporters (Grass et al. 2005) . The exact transport mechanism of ZupT is currently unknown; however, it is thought to be a polytopic transmembrane protein that has a broad substrate specificity, transporting Zn 2+ , Co 2+ , Mn 2+ and Fe 2+ (Grass et al. 2005) . The
YfeABCD system was originally discovered in Yersinia pestis (Bearden, Staggs and Perry 1998) . It is part of the SitABCD family of ABC transporters that actively transport both manganese and ferrous iron (Perry, Mier and Fetherston 2007) . The Fut system was first found in the cyanobacteriae Synechocystis sp. Strain PCC6803, and it is made up of four proteins: two periplasmic binding proteins (FutA1 and FutA2); an integral membrane protein (FutB); and an ABC binding cassette protein (FutC) ( Fig. 1 ) (Katoh, Hagino and Ogawa 2001; . The Synchechocystis Fut system is unique with its two periplasmic binding proteins, FutA1 and FutA2, which share 52% sequence identity. Although they are similar, the FutA1 and FutA2 proteins are proposed to have different roles since futA1 and futA2 mutations display 37% and 84% of ferrous iron uptake, respectively when compared to the wild type strain . Furthermore, futA2 affects the copper supply to the thylakoid protein plastocyanin . Proteomic studies identify FutA2 as one of the most abundant proteins in the periplasm suggesting that FutA2 may act as a metallochaperone while FutA1 transports the ferrous iron (Koropatkin et al. 2007 ). The Fut system was first thought to act as a ferric iron transporter (Katoh, Hagino and Ogawa 2001; ; however, it was later shown that FutA1 and FutA2 preferentially bind ferrous iron (Koropatkin et al. 2007; Badarau et al. 2008) . The only bacterial transport systems that seem to be solely dedicated to the transport of ferrous iron are the EfeUOB and FeoABC transporters (Kammler, Schon and Hantke 1993; Grosse et al. 2006; Cao et al. 2007) . EfeU is a membrane protein that is a homolog of the yeast iron permease Ftr1p, while EfeO and EfeB are periplasmic proteins (Grosse et al. 2006) . Iron transport into the cell occurs through the permease EfeU. To date, this system has only been found in pathogenic species such as Escherichia coli O157:H7 (Cao et al. 2007 ). In many non-pathogenic bacteria, the EfeUOB operon has a frameshift mutation that silences these genes (Cao et al. 2007) . Therefore, the main ferrous iron transport system that is present in both pathogenic and non-pathogenic microbes is the Feo System.
DISCOVERY OF Feo
The feo operon was first discovered in E. coli K12 in 1987 through studies of a series of ferrous iron transport mutants (Hantke 1987) . In this original work, transport mutants were identified by streptonigrin treatment due to their ability to generate free radicals in the presence of iron and oxygen (Hantke 1987 storage were selected, and the feo locus was identified as being important (Hantke 1987) . The feo operon was not cloned and sequenced; however, until six years later when two open reading frames for feoA and feoB were identified within the feo operon of E. coli K12 (Kammler, Schon and Hantke 1993) (Fig. 3A) . The feo operon was later shown to consist of three genes, feoABC (Hantke 2003 78 amino acids which is only present amongst γ -proteobacteria (Kammler, Schon and Hantke 1993; Hantke 2003; Cartron et al. 2006) . Upstream regulatory elements such as fur and fnr boxes were found to regulate the expression of feo (Fig. 3A) (Kammler, Schon and Hantke 1993) . Fur is known to be a transcriptional regulator of iron transport genes in E. coli and many other bacteria (Hantke 1981; Bagg and Neilands 1987) . In the presence of iron, Fur forms the Fe 2+ -Fur complex and together this complex binds to the Fur boxes of bacterial DNA to repress transcription of the iron transport genes (Bagg and Neilands 1987; Escolar, Perez-Martin and de Lorenzo 1999; Lee and Helmann 2007; Fillat 2014 ). In the absence of iron, Fur releases repression and iron transport genes are expressed. Fnr is a transcriptional activator of anaerobic respiratory genes (Spiro and Guest 1990) . It is an oxygen sensor that activates transcription of the feo operon in the absence of oxygen (Kammler, Schon and Hantke 1993) . The feo genes are constitutively expressed; however, under anaerobic conditions the expression level is increased three-fold.
Since the initial discovery of the E. coli Feo system, many related Feo systems have been identified in the genomes of various Gram-negative and Gram-positive bacteria. Different organizations for the feo operon have been found from the presence of multiple FeoAs to isolated FeoBs to truncated and fused versions of the proteins (Fig. 3B) . The feo operon, as originally identified in E. coli K12, is just one type of organization that exists; however, it does not seem to be the most prevalent (Fig. 3B) . All of these different types of operon organizations possess unique characteristics that may be important for the function of the system.
SIGNIFICANCE OF THE FEO SYSTEM
When access to oxygen is limited iron is predominantly present in its ferrous form (Hantke 1987) . Under these conditions, appropriate transport pathways such as the Feo system play an important role in bacterial virulence as has been demonstrated by deletion or mutation of the feo genes for many pathogenic/nonpathogenic Gram-negative and Gram-positive bacteria (Table 1) . The Feo system is an essential determinant of bacterial virulence in the non-pathogenic bacterium E. coli K12 as well as in the pathogenic Gram-negative bacteria Helicobacter pylori, Campylobacter jejuni, Vibrio cholerae and Porphyromonas gingivalis. Iron transport assays in E. coli have shown that feo strains cannot take up ferrous iron (Hantke 1987) , and these mutants are not capable of colonizing the mouse intestine (Stojiljkovic, Cobeljic and Hantke 1993) . In contrast, mutants with defective ferric iron transport systems for the siderophore enterochelin (also known as enterobactin) or for dicitrate-iron are still able to colonize the mouse intestine; thus, E. coli's colonizing abilities are specifically dependent on uptake of ferrous iron (Stojiljkovic, Cobeljic and Hantke 1993) . Similarly, in the absence of FeoB, H. pylori was unable to colonize the gastric mucosa of mice (Table 1) (Velayudhan et al. 2000) . Interestingly, the iron provided was of the ferric dicitrate form, which suggests that the iron was first reduced before being passed on to the FeoB transporter which is selective for the ability to transport ferrous iron (Velayudhan et al. 2000) . Campylobacter jejuni was first thought to not require FeoB for ferrous iron uptake (Raphael and Joens 2003) . However, Naikare et al. later found that FeoB is essential for the uptake of ferrous iron, gut colonization and intracellular survival (Naikare et al. 2006) . Moreover, FeoB is also required for this pathogen's survival past the initial infectious stage, and hence C. jejuni FeoB plays a crucial role in intraepithelial and intramacrophage cell survival (Naikare et al. 2006) .
Contrary to the organisms mentioned above, feo deletions in V. cholerae do not seem to affect its colonization in the mouse model (Table 1) (Wyckoff, Boulette and Payne 2006) . This may be due to the presence of an additional ferrous iron transport pathway, which would mask the effects of the feo mutation. Although the Feo system may not be a determinant of the colonization ability of V. cholerae, it is still important for maintaining iron homeostasis in this organism as inframe deletions of feoA, feoB, feoC all resulted in abrogated iron acquisition (Weaver et al. 2013) . Porphyromonas gingivalis has been found to contain two FeoB proteins within its genome (Dashper et al. 2005) . Only one of these, termed FeoB1, is a ferrous iron transporter, while the other, called FeoB2, is a manganese transporter (Dashper et al. 2005) . It has been noted that feoB1 caused avirulence of P. gingivalis while a feoB2 strain maintained its virulence (Table 1 ) (Dashper et al. 2005) , suggesting that iron uptake is more important than acquisition of manganese for the virulence of P. gingivalis. The survival of other pathogenic bacteria such as the E. coli O78 strain χ7122, Yersina pestis and Shigella flexneri is dependent on multiple iron transport systems and is not solely dependent on one mode of iron acquisition. Yersina pestis possesses two ferrous iron transport pathways, yfe and feo (Perry, Mier and Fetherston 2007) . The yersiniabactin siderophore transport system is essential for the early stages of bubonic plague, while the yfe system is more important in the later stages. Mutations in any one of these three systems do not affect the ability of this pathogen to grow in murine macrophages; however, a double deletion of yfeAB and feoB obliterates growth (Table 1) (Perry, Mier and Fetherston 2007) . Similarly, feo alone does not appear to contribute to the virulence of E. coli O78 strain χ7122; however, in combination with deletions of other iron transport systems, it appears to be a major determinant for the survival of the organism (Sabri et al. 2008) . Shigella flexneri has two ferrous (sit and feo) and six ferric (fec, shu, iro, iut, iuc and fhu) iron transport systems that seemingly make it well equipped for growth in the many different environments that it may encounter through its infectious life cycle (Wyckoff, Boulette and Payne 2009 (Aranda et al. 2009 ). It has also been noted that S. suis does not require iron for growth in vitro, which suggests that the main role of FeoB may be as a transporter for other divalent metal ions similar to other FeoB-like proteins that transport manganese (Aranda et al. 2009 ). Bacteria from the genus Xanthomonas are plant pathogens (Chan and Goodwin 1999) that also possesses the feoABC operon. The virulence of feoB strains was severely attenuated and showed fewer lesions than the wild type strains in a rice plant model (Table 1) (Pandey and Sonti 2010) . Francisella tularensis has the ability to infect mammalian cells including macrophages and nonphagocytic cells (ThomasCharles et al. 2013) , and it can acquire iron through the fsl and feo operons, a ferric and ferrous iron transport system, respectively. Inactivation of feoB in F. tularensis results in the attenuation of its ability to colonize the lungs, liver and spleen of mice (Pérez and Ramakrishnan 2014) . Legionella pneumophila is highly dependent upon its ability to grow within macrophages (Cianciotto 2007) . Strains with deletions of feoB display a reduced capacity to kill macrophages (Table 1) (Robey and Cianciotto 2002) . Apart from being important for invading macrophages, the Feo system was also shown to be crucial for the growth of L. pneumophila in the lungs of mice (Table 1) (Robey and Cianciotto 2002) . In the pathogenic bacterium S. typhimurium, the role of the feo system in virulence seems to depend on the location of the bacterial colonization. The Feo system of S. typhimurium has been noted for its important role in colonization of the mouse intestine but not in serum or epithelial cells. The ability of this pathogen to colonize the intestine was reduced in a feoB mutant. However, in serum or epithelial cells, growth of the feo strain was the same as the feo+ strain (Table 1) (Tsolis et al. 1996) . The presence of manganese in addition to iron has also been shown to be important for the full virulence of S. typhimurium (Boyer et al. 2002) . Pseudomonas aeruginosa is an opportunistic pathogen that is often involved in the formation of biofilms (Wang et al. 2011) . Intriguingly, the iron-binding host defense protein lactoferrin can bind ferric iron and in doing so prevent biofilm formation (Singh et al. 2002) . It has been shown that excess iron, which promotes biofilm formation, can be reduced through phenazine-1-carboxylic acid to supply ferrous iron for the Feo system (Wang (Blaser 1990; Forman et al. 1991; Nomura et al. 1994; Velayudhan et al. 2000 , L. biflexa (Louvel et al. 2005) .
et al. 2011). In addition to its role in ferrous iron transport, P. aeruginosa FeoB is also involved in citrate-mediated iron acquisition (Marshall et al. 2009 ). The Feo system also plays a crucial role in acquiring iron in the non-pathogenic bacteria Magnetospirillum magneticum, M. gryphiswaldense, Geobacteraceae and Synechoscystis species and Leptospira biflexa. To align themselves to the magnetic field line of the earth, magnetotactic bacteria M. magneticum AMB-1 and M. gryphiswaldense MSR-1 (Suzuki et al. 2006; Rong et al. 2008; Taoka, Umeyama and Fukumori 2009; Rong et al. 2012) require an effective concentration of iron that is 600 times higher than regular bacteria to maintain the synthesis of the magnetosome (Suzuki et al. 2006) . Gene expression analysis of this strain has shown that ferrous iron transporters, including feo, are upregulated when grown in an iron-rich environment (Suzuki et al. 2006) . Geobacteraceae are often used for bioremediation of groundwater because of their extraordinary high requirement for iron (O'Neil et al. 2008) . Again, it has been shown that FeoB plays an important role in the bioremediation process by taking up iron from the environment. The cyanobacterium Synechocystis sp. Strain PCC 6803 has also been noted to contain a homolog of the FeoB protein , and inactivation of its feoB gene resulted in a decrease of ferrous iron transport activity . A final interesting organism that was found to have the Feo system was L. biflexa (Louvel, Saint Girons and Picardeau 2005) . Mutation of feoB resulted in abrogation of ferric dicitrate and iron sulfate transport (Louvel, Saint Girons and Picardeau 2005) . This suggests that in this organism FeoB is somehow involved in ferric iron transport as well as that of ferrous iron.
However, ferric reductases may exist in L. biflexa, similar to H. pylori, that may be important for reducing ferric to ferrous iron for transport through FeoB (Louvel, Saint Girons and Picardeau 2005) .
As illustrated by the above studies, much work has been put towards gaining an understanding of the role of the feo system in vivo; however, the actual mechanism of how this system functions at the molecular level remains to be elucidated. Understanding the actual mechanism of iron transport into the cell relies on a more detailed understanding of the biochemical characteristics of each Feo protein. For the remainder of this review, the currently available biochemical and structural data for each Feo protein will be explored in an attempt to contribute to our understanding of the details of the iron transport mechanism. Finally, additional bioinformatics analyses will be used to provide more insight into the world of bacterial ferrous iron transport.
FeoA
The feoA gene encodes for a small basic 75-85 residue cytoplasmic protein (Kammler, Schon and Hantke 1993; Cartron et al. 2006) . In the feo operon of E. coli, it follows the fur box and resides before the feoB gene where the latter codes for an iron-permease protein (Fig. 3A) . FeoA proteins have an unusually high pI, for example E. coli FeoA has a pI of 9.4 (Kammler, Schon and Hantke 1993; Cartron et al. 2006) . Although the exact role of FeoA in ferrous iron transport is still unknown, it has been suggested that due to its high pI, FeoA might be directed to the inner leaflet of the cytoplasmic membrane, where it could possibly interact with FeoB (Cartron et al. 2006) . One of the few studies to critically examine the function of FeoA found that deletion of feoA in the presence of a functional feoB reduced iron uptake levels to ∼60% of wildtype. This illustrates a dependence but not an absolute requirement for FeoA in ferrous iron transport (Kammler, Schon and Hantke 1993) . A more recent study showed that FeoA is essential in the transport of ferrous iron in V. cholerae (Weaver et al. 2013) . Its specific role in the transport process however, remains unclear.
Although very little functional data exists, several structures of FeoA have been determined recently (Table 2 ). To date (April 2015), eight FeoA structures have been determined mostly through solution state Nuclear Magnetic Resonance (NMR) spectroscopy and some through protein X-ray crystallography methods. The NMR solution structures all converged well and all were found to be monomeric structures while the crystal structures yielded a dimeric or octameric structure, possibly induced by the crystallization conditions. Of the eight structures currently deposited in the Protein Data Bank (PDB), only two have been published in the peer-reviewed literature; the crystal structure of Stenotrophomonas maltophila FeoA (PDB id: 3mhx) (Su et al. 2010 ) and the solution structure of E. coli FeoA (PDB id: 2lx9) (Figs 4A and B) (Lau et al. 2012) . Comparing the different structures of FeoA deposited in the PDB, they all have a distinct β-barrel structure that encompasses the majority of the protein ( Fig. 4C ) (Krissinel and Henrick 2004) . Small differences between the structures do exist, however, but these only occur within the N-or C-terminal ends of the protein. FeoA structures with the PDB identifiers 2k4y, 2k5f, 2h5i, 2k5l, 3e19 and 3mhx all have an extra half 3 10 -helix at the N-terminus leading into the first β-strand. Structure 3e19, from FeoA of Thermococcus thioreducens, in addition to the extra helix at the N-terminus, also has an extra β-strand inserted before this helix that interacts with the final β-strand of the β-barrel. The C-terminus of this protein also possesses an additional 3 10 -helix. Despite these differences, the main structural architecture of the β-barrel is the same for all of these structures (Fig. 4C ). The FeoA structures always contain 2-3 α-helixes and 5-6 β-strands that hydrogen bond to form a β-barrel (Fig. 4D ). Sequence alignment of these proteins reveals little similarity. This illustrates a key point that despite primary sequence differences, the core β-barrel structure is conserved, which strongly suggests that this feature may be important for its function. Lau et al. (2012) performed Dali searches (Holm and Rosenstrom 2010) using the structure of E. coli FeoA to identify closely related three-dimensional structures which could potentially provide further insight into its biological functions. The results revealed that the FeoA structure resembles the metal-binding transcriptional regulators ScaR (streptococcal coaggregation regulator), IdeR (iron-dependent regulator) and DtxR (diptheria toxin repressor). All three of these proteins have three domains: a DNA binding domain, a dimerization domain and an SH3-like domain, and they are involved in transcriptional regulation and metal binding ( Fig. 4E) (Qiu et al. 1996; Feese et al. 2001; Stoll et al. 2009 ). FeoA bears structural similarity to their SH3-like domains (Fig. 4E ). The exact function of these SH3-like domains in these proteins is currently unknown; however, they do contribute metal-binding ligands to the other two domains of these proteins (Qiu et al. 1996; Feese et al. 2001; Stoll et al. 2009 ). Consequently, Lau et al. (2012) explored potential metal-binding possibilities for E. coli FeoA; however, due to the lack of conserved important metal-binding ligands (e.g. His or Cys) that are present in the SH3-like domains of ScaR/DtxR/IdeR, this seems unlikely to occur in FeoA. Moreover, in the ScaR/IdeR/DtxR proteins the metal ions are bound in between the SH3-like domain and the other protein domains, not within the SH3-like domain. Thus, it seems unlikely that E. coli FeoA, or most other FeoA proteins for that matter, can directly bind metal ions. Sequence alignment of FeoA with these proteins reveals low sequence similarity, which further shows that conservation of the primary structure is not an identifying feature of these prokaryotic SH3-like domains.
The structure of E. coli and S. maltophila FeoA have also been compared to those of eukaryotic SH3 domains (Su et al. 2010; Lau et al. 2012) . SH3 domains are often found as independently folded protein-protein interaction modules in larger eukaryotic proteins, and they have a distinct β-barrel structure with three conserved loops, known as the RT-Src, the N-Src and the distal loop ( Figs 4C and F) . The other two recognizable loops of SH3 domains, the N-Src and distal loops, vary in length and orientation between the eight distinct FeoA structures (Figs 4C and F) . A detailed analysis of these conserved loops comparing the standard eukaryotic SH3 domains, and the crystal and solution structures of S. maltophilia and E. coli FhuA has been reported (Su et al. 2010; Lau et al. 2012) . Slight differences in the structure, length, angle and direction of the loops were found between these structures. It should be noted that the conserved loops in regular eukaryotic SH3 domains are important for mediating protein-protein interactions (Li 2005) . As mentioned, the main difference between FeoA and typical SH3 domains is the α-helix present in FeoA that replaces the RT-Src loop (Fig. 4F) . All of the FeoA structures determined to date possess this α-helix (Fig. 4C ). In addition to the alteration of the conserved loops, Su et al., have also noted that the conserved aromatic residues present in eukaryotic SH3 domains are missing in S. maltophila FeoA (Su et al. 2010) . Taken together, the replacement of the RTSrc loop and the lack of conservation of key aromatic residues, would suggest that the FeoA SH3-like structure may not participate in protein-protein interactions in the same manner as eukaryotic SH3 domains.
To further investigate whether FeoA is involved in proteinprotein interactions similar to eukaryotic SH3 domains, the potential interactions between FeoA and FeoB were examined (Kim, Lee and Shin 2012; Lau et al. 2012) . Some eukaryotic SH3 domains are known to be involved in protein-protein interactions with G-proteins (Hall 1992; Tocque et al. 1997) . FeoB contains a cytoplasmic G-protein domain that possesses a potential SH3 binding motif (-PXXP-; Fig. 5A ). Hence, it was proposed that FeoA could act as a GTPase Activating Protein (GAP) for FeoB. Recently, Kim et al. showed that FeoA is necessary for FeoB to transport ferrous iron in S. enterica. It was shown that FeoA could interact with FeoB in vivo, and in the absence of this interaction, ferrous iron transport through the FeoB transporter was reduced (Kim, Lee and Shin 2012) . These authors suggested that FeoA can act as a GAP for the G-domain of FeoB (Kim, Lee and Shin 2012) . These studies, however, did not specifically show that FeoA interacts with the G-domain of FeoB; thus, it cannot be concluded that FeoA acts as a GAP and directly interacts with the G-domain. The possibility of FeoA acting as a GAP for FeoB has been examined through in vitro 31 P NMR experiments, in which the GTPase activity of the purified cytoplasmic N-terminal domain of FeoB was analyzed (Lau et al. 2012) . These studies revealed that addition of FeoA does not have an effect on the GTP hydrolysis Ferrous iron is thought to diffuse freely through porins (blue) into the periplasm where FeoB then takes up iron through the Gate motifs while the G-protein and the GDI-domain signal to the membrane regions about the state of the cell or potentially provide energy for the membrane region for active transport. FeoA (pink) is thought to take part in transport through interacting with FeoB through the inner membrane loops of the transmembrane region. There is the possibility of FeoA interacting with other proteins to form a transcriptional regulatory complex. FeoC (green) is thought to bind ferrous iron and act as a transcriptional regulator or interact with the conserved carboxyterminus of FeoB in selective bacteria. activity of the FeoB G-domain (Lau et al. 2012) . It was therefore proposed that FeoA could possibly interact with a different region of FeoB, such as the core CFeoB domain, an essential feature as identified by the Pfam protein family database (vide infra) (Lau et al. 2012) .
FeoB
feoB shares an operon with feoA, and its expression is also regulated by the fur and fnr box (Fig. 3A) (Kammler, Schon and Hantke 1993) . Escherichia coli feoB strains are incapable of transporting ferrous iron (Kammler, Schon and Hantke 1993) , and as already discussed many studies have illustrated the importance of FeoB in bacterial virulence (Stojiljkovic, Cobeljic and Hantke 1993; Velayudhan et al. 2000; Boyer et al. 2002; Robey and Cianciotto 2002; Dashper et al. 2005; Naikare et al. 2006; Perry, Mier and Fetherston 2007; Aranda et al. 2009; Pandey and Sonti 2010) . The feoB gene was first discovered in E. coli K12 and it encodes for a multidomain transmembrane protein that consists of 773 amino acid residues (Kammler, Schon and Hantke 1993; Cartron et al. 2006) . It has three main protein domains: the G-protein domain; the GDP dissociation inhibitor (GDI) domain; and the transmembrane domain (Fig. 5A) (Marlovits et al. 2002; Hantke 2003; Cartron et al. 2006; Eng et al. 2008) .
N-terminal domain of FeoB (NFeoB)
G-protein domain FeoB was initially thought to bind ATP due to observed sequence homology with nucleotide binding sites of ATPases (Kammler, Schon and Hantke 1993) . In support of this idea, addition of a protonophore or ATP synthesis/hydrolysis inhibitors resulted in abrogation of ferrous iron transport in H. pylori (Velayudhan et al. 2000) . However, Marlovits et al. showed two years later that FeoB does not bind or hydrolyze ATP (Marlovits et al. 2002) . Instead, these authors showed that FeoB contains motifs reminiscent of G-proteins. Starting from the N-terminal end, the G-protein domain is the first protein domain of FeoB ( Figs 5A and 6) . The Gprotein domain resides in the cytoplasm and is covalently tethered to the polytopic transmembrane region of FeoB through the so-called GDI-domain (Fig. 6) (Marlovits et al. 2002) . G-proteins have five characteristic motifs that are important for GTP binding and hydrolysis (Leipe et al. 2002) . All five motifs have been identified and are located within the first 170 residues of E. coli FeoB: the G1 motif (GxxxxGK(S/T)) is located at position 10-17; the G2 motif (T) at position 37; the G3 motif (DXXG) at position 56-59; the G4 motif (NXXD) at position 120-123 and the G5 motif (STRGRG) at position 150-155 (Fig. 6) (Marlovits et al. 2002; Guilfoyle et al. 2009 ). Each of the five motifs have their specific functions: the G1 motif binds to the α-and β-phosphates of guanosine triphosphate (GTP); the G2 and G3 motif bind to the γ -phosphate and to magnesium; the G4 motif forms hydrogen bonds to the guanine nucleotide; and the G5 motif coordinates the nucleotide through conserved hydrogen bonding (Sprang 1997; Marlovits et al. 2002; Hantke 2003) . Within the Gprotein domain there are also two Switch regions (Fig. 6) . The Switch regions of G-proteins are important for nucleotide binding as well as for providing interaction sites to the effectors of the signal transduction pathway that they are a part of (Sprang 1997; Sprang 2000) . They function to couple the state of the Gprotein with effector regulation (Sprang 2000) . Conformational changes induced by binding of nucleotides to the Switch regions causes a change in the affinity of the protein-protein interactions between the G-domain and effector proteins, thus allowing signals to be regulated. For example, when the G-protein is bound to GTP, it will have a high affinity for an effector. Upon hydrolysis of the GTP to GDP, the affinity will be lowered, and the effector will be released thus abrogating the signal (Hilgenfeld 1995a,b) . The functional significance of the G-domain of FeoB in iron transport was examined through site-directed mutagenesis studies of E. coli FeoB. Mutation of Asp123 to Asn in the G4 motif ultimately resulted in the loss of the ferrous iron transport activity (Marlovits et al. 2002) . The importance of the G-domain for the overall functionality of FeoB was a key discovery in the Feo field and has provided the impetus for many of the more recent biochemical studies.
Prokaryotic G-proteins are currently not well understood in comparison to their eukaryotic counterparts. Prokaryotic Gproteins are known for their involvement in processes such as ribosome biogenesis, tRNA modification, cell cycle progression or DNA replication, while their role in iron transport is a new development whose details are still being elucidated (Cabedo et al. 1999; Tan, Jakob and Bardwell 2002; Caldon and March 2003; Datta et al. 2004; Sikora et al. 2006) . How G-proteins take part in these processes is directly related to their affinity and hydrolytic activity towards guanine nucleotides. For a G-protein that is providing energy to a system, its hydrolysis rate is of crucial importance. As expected, the faster the hydrolysis, the more energy can be provided. Conversely, at a slower hydrolysis rate less energy is produced. If the G-protein is involved in activating or deactivating a pathway, its affinity toward different guanine nucleotides forms a regulatory switch mechanism: GTP-bound, active pathway; GDP-bound, inactive pathway. Therefore, it is important to characterize these individual steps to understand the roles that novel G-proteins can play. The G-protein domain of NFeoB has unique biochemical characteristics that set it apart from other classes of G-proteins. A defining feature of many regulatory G-proteins, such as the well-studied eukaryotic protein Ras, is their slow release of GDP (Marlovits et al. 2002) . In contrast, the G-domain of FeoB displays fast binding and release of GDP nucleotides (Table 3) . Moreover, the association and dissociation of GDP are faster than for GTP (Table 3) . NFeoB has a rather weak guanine nucleotide affinity that falls within the μM range (Table 3) (Marlovits et al. 2002 ). An interesting feature of NFeoB is its relatively slow GTP hydrolysis activity (Table 3) (Marlovits et al. 2002) . These characteristics would classify NFeoB as part of the TrmE-Era-EngA-YihA-Septin-like (TEES) superfamily of bacterial G-proteins (Marlovits et al. 2002; Eng et al. 2008) . Defining features of TEES G-proteins are their relatively low affinity for both GTP and GDP, which results in rapid nucleotide binding and exchange, as well as a low intrinsic GTP hydrolysis rate (Verstraeten et al. 2011 ). An interesting fact about the proteins of this family is that most reside in the cytoplasm, or they are membrane-associated (Verstraeten et al. 2011) . This makes the G-protein domain of FeoB somewhat unique as it is the cytoplasmic domain of an integral membrane protein. The G-protein domain of FeoB resides within its cytoplasmic domain that is tethered to the transmembrane region (Fig. 6 ). The purpose of the tethering of these two domains is unclear however there is evidence to suggest that both parts of the protein rely on each other for their full function. It is evident from the data presented in Table 3 that the presence of the transmembrane domain has an effect on the affinity of the G-domain for guanine nucleotides. The transmembrane domain increases the affinity for both GDP and GTP, however, more so for GDP (Table 3) . It has also been noted that although the affinity towards guanine nucleotides is altered, the hydrolysis rate is not (data not shown) (Eng et al. 2008) . This suggests that the transmembrane domain may play a regulatory role for the G-domain, which has not been previously identified. Often times GAPs or Guanine-nucleotide Exchange Factors (GEFs) are required to regulate the hydrolysis activity or the affinity of G-proteins. In eukaryotic systems, distinct GAP or GEF proteins are quite prevalent; however, such proteins are quite rare in prokaryotes (Verstraeten et al. 2011) . No known GAPs or GEFs for FeoB have been identified; nevertheless, it appears that FeoB has evolved to possess an internal regulator, the GDI domain, that governs its nucleotide affinity, thereby eliminating the need for GAPs or GEFs. Despite its similar biochemical characteristics when compared to other G-proteins in the TEES superfamily, FeoB has one striking feature that sets it apart: its unusually slow hydrolytic activity. The hydrolytic rate of E. coli NFeoB for GTP is k cat = 0.0015 s −1 , which is equivalent to hydrolyzing one GTP molecule every 11 min (Table 3 ) (Marlovits et al. 2002; Ash et al. 2010) . This hydrolysis activity would seem too slow for FeoB to act as an active transport mechanism to sustain iron levels within the cell. If FeoB were to act as a channel for ferrous iron, it would always be in the 'open' state, where iron would be able to diffuse freely into the cell due to its slow hydrolysis leading to an overflow of iron (Guilfoyle et al. 2009; Ash et al. 2010) . The slow hydrolytic activity of the G-domain has led to interesting studies to examine the rationale for its slow activity. It has been previously observed that the GTPase MnmE from the TEES superfamily of G-proteins uses potassium in its catalytic mechanism to hydrolyze GTP (Yamanaka, Hwang and Inouye 2000; Scrima and Wittinghofer 2006; Meyer, Wittinghofer and Versees 2009 (Ash et al. 2010) . In particular, the presence of potassium compared to sodium, increased S. thermophilus NFeoB's activity 16-fold (Table 3 ) (Ash et al. 2010) . The crystal structure of S. thermophilus NFeoB revealed a conserved Asn (N11) involved in potassium coordination and activation of the G-domain; mutation of this Asn to Ala abolished the potassium dependent activation (Table 3 ) (Fig. 6 ) (Ash et al. 2010) . Another conserved residue, Asn19 of S. thermophilus NFeoB, was also identified to play a supporting role through inducing a bend in the Switch I loop. This reorientation in the Switch I loop causes the top part of this loop (conserved residues 29-33 of S. thermophilus NFeoB, also known as the K-loop) to cap the nucleotide site and form hydrogen bonds with GTP (Figs 7A and B) (Ash et al. 2010) . This rearrangement positions two backbone carbonyls from residues Gly29 and Trp31 of the K-loop and the sidechain of Asn11 to coordinate the potassium ion (Ash et al. 2010) (Figs 7A and B) . The increased activity observed in the presence of potassium resembles that of ATP hydrolyzing ABC transporters, which suggests that FeoB may act in an active transport manner (Ash et al. 2010) . This work was further corroborated by studies with E. coli NFeoB, which was also shown to be markedly activated by potassium rather than sodium (Lau et al. 2012) . In addition to its unique potassium-dependent activation, the G-protein domain of NFeoB can also bind ferrous iron. Hung et al. discovered an iron recognition/signaling motif in the Switch I region of the G-domain of E. coli NFeoB (Fig. 6) (Stearman et al. 1996; Wosten et al. 2000; Grosse et al. 2006; Hung et al. 2010) . ExxE motifs have been noted previously in the literature for their importance in iron recognition and signaling (Stearman et al. 1996; Wosten et al. 2000; Hung et al. 2010) . This motif was uncovered by using the Fenton-Haber-Weiss reactions to probe NFeoB for ferrous iron binding . In this chemical reaction, binding of ferrous iron resulted in cleavage of the polypeptide backbone of the protein. It was found that GDP was more efficient in promoting iron-dependent cleavage of NFeoB in comparison to the non-hydrolyzable GTP-analog GMPPNP and GTP itself . In vivo work with the full length E. coli FeoB revealed that mutation of the ExxE motif to AxxA impaired ferrous iron uptake, which suggests that these residues are directly or indirectly important for function . Since ferrous iron uptake was not completely abolished in these studies, Apo NFeoB (PDB id: 3b1z), green is GDP bound (PDB id: 3lx8), orange is mant-GMPPNP bound (PDB id: 3lx5) and yellow is transition state analog GDP-AlF4 − bound (PDB id: 3ss8). The potassium ion is depicted as purple dots, and the transition state analog is illustrated in a space-filled model.
this suggests that these residues are not the sole determinants governing the iron uptake process. Further, studies are required to provide a better understanding for the role of this binding region.
GDI Domain
The linker region (residues 171-276 in E. coli FeoB) located between the G-domain and the transmembrane domain was initially identified as a GDP dissociation inhibitor domain (GDI) (Figs 5A and 6) (Eng et al. 2008) . These ∼100 residues are hydrophilic and reside within the cytoplasm along with the FeoB G-domain (Fig. 6) . The sequence of this domain is not well conserved amongst different organisms, however, its threedimensional structure is (Eng et al. 2008) . Eng et al. found that this linker region interacted with the Switch I region of the Gdomain which specifically enhanced GDP binding while having no significant influence on GTP binding or the enzymatic activity (Eng et al. 2008) . In addition, the presence of the polytopic membrane region further enhanced the affinity of the G-domain towards GDP by ∼140-fold compared to the GDI-domain alone (Eng et al. 2008) . Cross species complementation experiments of the G-and GDI-domains from different species illustrated that both domains must be from the same species for their in vivo function to be retained (Eng et al. 2008) ; this suggests that iron uptake through FeoB must be tightly regulated and is dependent upon the interrelationship between the domains.
The polytopic transmembrane region

Gate motifs
The third main domain of FeoB is the transmembrane domain (Figs 5A and 6). The region (residues 277-773 in E. coli FeoB) following the G-protein and the GDI-domain was predicted to be a membrane protein consisting of 8-10 transmembrane helices that reside in the cytoplasmic membrane (Krogh et al. 2001 ). This domain is the most important of the three; however, it is currently also the least understood. The transmembrane domain is the region that physically transports ferrous iron from the periplasm into the cytoplasm. The exact mechanism of how this iron permease domain controls iron uptake into the cell is unknown. Regardless, it still possesses many interesting motifs that shed some light on its transport mechanism (Fig. 6 ). The first motif encountered is one of the two Gate motifs (Fig. 6 ). These Gate motifs are reminiscent of the Gate motifs identified in the yeast iron permease Ftr1p (Severance, Chakraborty and Kosman 2004; Cartron et al. 2006) . The Gate regions have a RExLE motif that functions as a channel for the substrate to enter the cell (Severance, Chakraborty and Kosman 2004) . There are two RExLE motifs observed in E. coli FeoB, and these are situated within the transmembrane helices as inverted repeats, identical to the ones seen in Ftr1p (Severance, Chakraborty and Kosman 2004; Cartron et al. 2006) . The arginine residues in these motifs are important for capping the cluster of glutamates and making the cytoplasmic membrane permeable to iron (Severance, Chakraborty and Kosman 2004 ). An interesting feature of the second Gate motif of FeoB is the large insertion between transmembrane helix 7 and 8 (Fig. 6 ) which is only found in γ -proteobacteria (Cartron et al. 2006) . In the yeast iron permease Ftr1p, an interesting periplasmic DASE motif exists that is involved in iron transport (Severance, Chakraborty and Kosman 2004) . This DASE motif functions to traffic iron from Fet3p, an iron oxidase, to the correct region of Ftr1p (Severance, Chakraborty and Kosman 2004) . The carboxylate side chains of Asp and Glu residues of this motif are important for the iron shuffling process (Severance, Chakraborty and Kosman 2004) . The large insertion observed in Gate 2 of E. coli FeoB also possesses many Asp and Glu residues that may function in a similar manner, although the exact DASE motif is not present (Fig. 5) (Punta et al. 2012) can speculate that the periplasmic insert of Gate 2 may shuffle iron towards the center of the two Gate motifs to facilitate iron transport in a manner similar to Ftr1p; however, further studies would be required to confirm this role as this region is not conserved in all species. Secondary structure prediction of this region predicts five helices (Fig. 8B) (Cole, Barber and Barton 2008) while Swiss-Model tertiary structure predictions were not able to determine any structure. Swiss-Model predicts tertiary structure of proteins based on homologous structures available in the PDB (Arnold et al. 2006) . If the protein has a novel fold or does not have any tertiary structure, then it is not possible to predict a structure. The latter seems less probable due to the abundance of predicted transmembrane helices. In addition to the large insertion in Gate 2, the two Gate motifs also possess several conserved cysteine residues (C403, C432, C1775 in E. coli) that may be important for the translocation of the ferrous iron through the membrane (Cartron et al. 2006) .
The core CFeoB motif
The next motif that follows the first Gate motif is the domain termed FeoB C-terminus (the core CFeoB domain) by Pfam analysis, a manually curated collection of protein families and domains (Punta et al. 2012) . Such analyses are often used to understand the characteristics of a protein sequence from its domain composition to its evolutionary relationship with relatives (Punta et al. 2012) . Interestingly, this 'core' motif is sandwiched between the two Gate regions in the middle of the transmembrane portion of FeoB (Fig. 6 ). The function of this core domain
has not yet been explored, however, part of this motif is located within the membrane, forming a single predicted transmembrane helix 6 (Figs 6 and 8B). The remaining residues are predicted to be located within the cytoplasm between transmembrane helices 6 and 7. This portion of the protein is longer in sequence compared to the other connecting loops of the transmembrane helices, with the exception of the large insertion between transmembrane helix 7 and 8 that is located in the periplasm (Fig. 6 ). Sequence alignment of all known FeoB sequences reveals that the cytoplasmic region of this domain is conserved at certain positions, most notably the Met, His and Glu residues. Secondary structure prediction indicates that the cytoplasmic region of the core folds into a β-strand and an α-helix ( Fig. 8B) (Cole, Barber and Barton 2008) . This helix may play a supporting role in attracting the iron through the membrane (Fig. 6 ) (Xu and Moller 2011) .
Carboxy-terminal of FeoB
The final domain of interest in FeoB is the carboxy-terminal cytoplasmic portion of E. coli FeoB. This region possesses quite a few Cys residues, which could also be important in trafficking ferrous iron through the membrane similar to the core CFeoB cytoplasmic loop described above (Fig. 6 ). This carboxy-terminal region of FeoB however, is not well conserved and is only present in γ -proteobacteria similar to the large periplasmic insertion noted above, which could point towards a common mechanism for ferrous iron transport that is specific for this class of bacteria (Cartron et al. 2006) .
NFeoB structures
Between 2009 and 2015, the number of crystal structures determined for NFeoB has exploded (Table 2 ). In the short span of six years, 36 structures of NFeoB have been determined in all of its guanine-nucleotide bound states, from the apo-form, to GDP, to GMPPNP and the transition state analog GDP-AlF 4 − forms (Table 2). Five more structures of the G-domain alone (without the GDI domain) bound to different guanine nucleotides were also determined within the same time frame (Table 2 ). This section of the review will focus on general conclusions about striking structural features and the functional implications that were gleaned from these structures. For a more in depth analysis of each individual structure, the reader is encouraged to consult the original articles (Guilfoyle et al. 2009 (Guilfoyle et al. , 2014a Hattori et al. 2009; Ash et al. 2010 Ash et al. , 2011a Hung et al. 2010 Hung et al. , 2012a Deshpande et al. 2013) . GTPases are often seen as molecular switches due to their cyclic mode of action. The cycle begins with the GTPase in the empty apo-state, where GTP then binds in the nucleotidebinding pocket forming the 'on' state. This 'on' state now has a different affinity for effector molecules thereby allowing the GTPase to interact with effectors of interest (Caldon, Yoong and March 2001) . Following this, activation of the GTP-bound GTPase causes GTP to be hydrolyzed generating a GDP-bound inactive 'off' state (Caldon and March 2003) . The GDP will then be released from the inactive GTPase and the protein is subsequently restored to its nucleotide-free apo-state (Caldon, Yoong and March 2001) . The difference in effector molecule affinities between the 'on' and 'off' states of GTPases allow for the regulation of pathways that G-proteins are a part of. With a multitude of NFeoB structures determined in the presence or absence of guanine nucleotide, the complete G-cycle of NFeoB can be described (Fig. 9) .
The crystal structures of various nucleotide bound forms of the NFeoB domain in S. thermophilus, Pyrococcus furiosus, Klebsiella pneumoniae, L. pneumophila, Thermotoga maritima, Gallionella capsiferriformans and E. coli have all been determined (Table 2 ). In addition, the structures of the isolated G-domain of FeoB from Methanocaldococcus jannaschii with different bound nucleotides have also been determined (Table 2) ). All of the determined structures are very similar. The first ∼170 amino acids of the G-domain reveal a structure comprised of 7 β-strands and 6 α-helices which resembles the canonical Ras-like GTPase fold (Fig. 10A) ). Superposing the Gdomain of FeoB on the structure of the human-Ras protein also reveals very similar structures with an r.m.s.d. of 2.29Å (Fig. 10B) .
The structure of the GDI-domain was found to adopt a novel fold that was described as having a hammer shaped structure, that folds against the G-domain (Fig. 7A) . The GDI-domain is made up of four to five α-helices, with the last α-helix that connects NFeoB to the transmembrane region, being the longest ( Figs 7B and 9 and 10A ). This long helix has been described as the 'valve' helix or the 'handle of the hammer' (Guilfoyle et al. 2009; Hung et al. 2010) . It is thought that this helix transfers information about the nucleotide state from the G-domain to the transmembrane domain. However, this helical domain is absent in the structures of the apo and GDPbound states of G. capsiferriformans NFeoB (Deshpande et al. 2013) and further studies are required to define the GDI-domain's role. The GDI-domain makes many interactions with the G-domain. It has hydrophobic interactions between the 10th α-helix (handle of the hammer) to α-helices 3 and 5 and β-strand 6 of the Gdomain formation, aromatic stacking interactions and hydrogen bonding can also be found between the two domains. With each new NFeoB crystal structure come new suggestions for the role of this domain in ferrous iron transport. The first structure reported was that of the G-domain of FeoB from M. jannaschii ). The authors found that the Switch I region is disordered in the GTP-bound state and the biggest difference between the GDP-and GTP-bound states was the conformation of Switch I, which points away from the nucleotidebinding pocket in the GTP-bound form ). The analysis of the Switch II region reveals no significant change between the GTP and GDP state; however, a conserved Gln present in other guanine nucleotide-binding proteins (GNBPs) that is used to position the water for attacking of the γ -phosphate is replaced by a tyrosine. Mutation of this Tyr to Phe reveals no change in the catalytic rate in in vitro studies ). Köster et al. also observed a missing β-strand in the GTP form that usually resides between α-helix 1 and β-strand 2, which is present in the GDP-bound form. This nucleotide induced structural change is reminiscent of other eukaryotic G-proteins like Arl3, EF-Tu, Ran and Arf ). The authors suggest that the missing seventh strand may be provided by an effector protein, similar to how PDEδ provides a β-strand for the GTPbound Arl2 ). All structures reported here were determined as homodimers which may be a functionally important associated protein form (Köster, Kuhlbrandt and Yildiz 2009) . It was suggested that this homodimer arrangement with the nucleotide-binding sites facing each other is similar to that seen in the Toc34 G-domain and the multidrug ABC transporters.
The second set of structures reported were those of E. coli NFeoB (Guilfoyle et al. 2009 ). Guilfoyle et al. were able to crystallize the GDI-domain along with the G-domain providing us with a more complete picture of the N-terminal cytoplasmic region. The structures of unbound and mant-GTP bound NFeoB were crystallized as a trimeric complex resembling a funnel (Guilfoyle et al. 2009 ). The structure of the GDI-domain was found to be a helical domain possessing an extended α-helix termed the 'valve' helix that is spatially close to the center of the trimer. It appears that the 'valve' helix regulates the opening and closing of the membrane pore (Guilfoyle et al. 2009 ). These authors also noted that this helical domain is too far away from the nucleotide-binding site to be directly involved in the inhibition of nucleotide release (Eng et al. 2008; Guilfoyle et al. 2009 ). It was suggested that the binding of GTP causes changes in Switch I and II of the G-domain leading to a disordered helical domain. The helical domain then acts as an intrinsic effector and shifts toward the effector site of Switch II, which in turn results in the lateral movement of the valve helix to open the center of the trimer for ferrous iron transport (Guilfoyle et al. 2009 ). Hydrolysis of GTP to GDP results in relaxation of the Switch regions, which releases the helical domain from the effector site of Switch II to close the pore (Guilfoyle et al. 2009 ). The model proposed here was different from the homodimer mechanism proposed for the M. jannaschii protein. Moreover, the observed movements of the Switch regions upon GTP binding are also in disagreement, with the previous study.
The third set of structures solved was from T. maritima NFeoB Jin et al. 2009 ). Hattori et al. reported four high-resolution structures of NFeoB: two GDP-bound, an apo-form and a GMPPNP-bound form (a non-hydrolyzable GTP analog) Jin et al. 2009 ). NFeoB was once again crystallized in an oligomeric state; however, following gel filtration studies it was concluded that NFeoB acts as a monomer in solution; thus, strongly suggesting that the previously proposed dimeric and trimeric transport mechanisms for FeoB may not be representative of its physiological state ). The T. maritima FeoB structures again revealed the presence of many interactions between the G-and GDI-domains that are important for the function of the GDIdomain. Asp224 forms a critical salt bridge with the G-domain, which is essential for the function of the GDI-domain and for iron uptake activities ). The Switch II interactions between the G-and GDI-domains may also be important in relaying the nucleotide bound state of the G-domain to the transmembrane domain ). Like Guilfoyle et al. (2009 suggested that the 'valve' helix plays an important role in the iron transport mechanism of FeoB. They proposed that the presence of GDP stabilizes the interactions between the G-and GDI-domains, while the binding of GTP causes the G-domain to undergo structural changes that reduce the interactions between the two domains. The then released GDI-domain undergoes structural transitions, specifically at the 'valve' helix to activate iron uptake in the transmembrane domain ). These workers suggest that FeoB functions as a monomeric ion-conducting pore.
The next NFeoB structure determined was from L. pneumophila (Petermann et al. 2010) . Petermann et al. determined the apo-structure of NFeoB and found the structure to be similar to the ones previously reported with the exception of an extra α-helix in the GDI-domain. Their structure, like previous structures, highlights the presence of many contacts between the Gand GDI-domains. They also agreed that Switch II plays an important role in relaying messages between the two domains to facilitate iron transport (Petermann et al. 2010) . Petermann et al., however, were more cautious in their views of the FeoB transport mechanism and warned against overinterpretation of the functional significance of the oligomeric crystal structures especially since all the structures were obtained in the absence of the transmembrane domain of FeoB, which could influence protein-protein interactions (Petermann et al. 2010) .
A subsequent set of structures determined were those of K. pneumoniae NFeoB which further highlighted the importance of the GDI-domain . In their crystallized structures, the authors found that nucleotide binding induced significant conformational changes in the G5 motif of the G-domain and in the case of GMPPNP, there was a destabilization of Switch I . Hung et al. also reported that nucleotide binding resulted in stabilization of Switch II and the G5 motif. Specifically, in the GMPPNP-state, the sidechain of Asp56 was important for mediating interactions between water, the γ -phosphate and Mg 2+ , which in turn pulls the β-4 strand and Switch II loop closer to the nucleotide-binding site . To examine the structural conservation of the GDI fold, this group determined the structure of P. furiosus NFeoB, the most distant relative of K. pneumoniae. They found that the structure of the GDI-domain of P. furiosus is essentially the same (r.m.s.d 1.148Å) as in K. pneumoniae, which supports the idea that despite having divergent sequences (12% identity) the three-dimensional structures are conserved . This implies that the structure of the GDI-domain is critical for its function. Hung et al. noted three weakly conserved motifs within the GDI-domain that are important for proper functioning, and suggested that the GDI-domain is not only important for the stabilization of GDP, but also for intramolecular signal integration . Furthermore, they identified an iron-binding site within the G-protein domain of NFeoB. With regards to FeoB's low nucleotide affinity, Hung et al. examined the interactions of the Switch regions to guanine nucleotides. They found that, unlike in eukaryotic G-proteins, Switch I of K. pneumoniae NFeoB does not interact with the nucleotide and Switch II does interact with the nucleotide, however, only in the GMPPNP-bound state. The absence of Switch-nucleotide interactions results in a more open and shallow binding site, which lowers the nucleotide binding affinities . These results show that the GDI-domain is important for interacting with the Gdomain and the transmembrane domain and that its conserved structural fold is important for its function. Hung et al., like Hattori et al., showed that NFeoB behaves as a monomer in solution, contrary to results found in some other crystallized states.
Soon after the release of the K. pneumoniae NFeoB structures, Ash et al. determined the structures of GDP and mant-GMPPNP bound S. thermophilus NFeoB (Ash et al. 2010) . The mant-GMPPNP structure determined was the first one that contained an ordered nucleotide-bound Switch I. Ash et al. found that Switch I makes contact with mant-GMPPNP and this interaction is reminiscent of those seen for the G-proteins from the TEES superfamily. As previously mentioned, the GTPase activity of MnmE, a TEES family G-protein is accelerated in the presence of potassium. The GDP and mant-GMPPNP structures of S. thermophilus NFeoB revealed the importance of potassium in the activation of the GTPase. It was shown that the conserved Asn residue that is present in both TEES G-proteins and NFeoB is important for potassium coordination and requires a minimum specific bond length to fully allow the water to attack the γ -phosphate. Moreover, their results illustrated that the structural rearrangements observed in the Switches of NFeoB upon nucleotide binding can be transmitted to the transmembrane domain via changes in the GDI-domain. It was suggested that Switch II, which is in close proximity to α-helix 2 and 3 of the GDI-domain, may be an important regulatory element for relaying information between domains (Ash et al. 2010) .
To completely understand the G-protein activation cycle of NFeoB and observe potential nucleotide-dependent structural rearrangements in the GDI-domain, Ash et al. also determined the structure of S. thermophilus NFeoB in the presence of a transition state analog and solved a suite of Switch I and II mutant structures (Ash et al. 2011a ,b,c. The results of these studies proved fruitful and confirmed that structural changes in the Switch regions result in a rearrangement of the global structure, particularly in the GDI-domain. The transition-state analog bound structure of NFeoB revealed a novel mechanism for the initiation of nucleotide hydrolysis in G-proteins (Ash et al. 2011b) . The standard mechanism for GTP hydrolysis by G-proteins such as Ras begins with a nucleophilic attack on the γ -phosphate of GTP by a catalytic Gln residue and a water molecule. In FeoB, this catalytic Gln is not conserved and is instead substituted with a hydrophobic residue at the equivalent position (Mishra et al. 2005) . G-proteins with the hydrophobic substitution are called 'hydrophobic amino acid substituted GTPases' (HAS-GTPases), and most prokaryotic G-proteins belong to this category (Leipe et al. 2002; Mishra et al. 2005) . Ash et al. found that the backbone carbonyl of Thr35 and the backbone amide of Gly56 in S. thermophilus FeoB are used to position the attacking water by forming hydrogen bonds (Ash et al. 2011b) . Previous studies have shown this threonine to be conserved but unimportant; however, the transition state analog bound NFeoB structure clearly shows its direct involvement in magnesium binding, as well as creating the potassium binding site and positioning the protein backbone to support the catalytic water for hydrolysis (Ash et al. 2011b) . Comparison of the mGMPPNP and transition state analog bound structures reveals that hydrolysis of GTP causes Switch II and the helical domain to shift away from the nucleotide site, while Switch I remains in the same position as in the GMPPNP-bound form (Fig. 7C) (Ash et al. 2011a ). Interestingly, a cavity was noted in the transition state structure, which suggests that a residue can potentially be inserted to accelerate hydrolysis. GAPs often insert the sidechain of an arginine residue in GTPases to facilitate hydrolysis (Sprang 2000) . If FeoB has a GAP, this cavity may allow for the critical placement of an arginine residue to assist GTP hydrolysis. It was suggested that either FeoA or parts of the transmembrane region of FeoB may be involved in donating such a catalytic residue to this site (Ash et al. 2011a) .
The various mutant structures of Ash et al. also showed that Thr35 and Glu67 are important for maintaining the structural integrity of the Switch regions while Glu66, a residue equivalent to the conserved Asp73 in E.coli FeoB, that is important for in vivo transport (Eng et al. 2008) , does not influence the structure of Switch II (Ash et al. 2011a) . The suite of mutant structures elegantly illustrates how structural changes at the nucleotide site can be communicated to the GDI-domain through rearrangements of Switch II (Fig. 7C) (Ash et al. 2011a) . At the beginning of the GTPase cycle, NFeoB is in its apo-state, it then binds magnesium GTP leading to the rearrangement of the G3 motif and Switch I which in turn causes Switch II to tilt towards the Gdomain (Fig. 7C) . Movement of Switch II preserves the packing of the hydrophobic core of the protein, while promoting movement of the GDI-domain. The Switch II bridge formed lays the foundation for the repositioning of the Switch II loop away from the helical domain. Hydrolyzing GTP to GDP relaxes the Switch regions and the GDI-domain back to the apo/GDP form (Fig. 7C ) (Ash et al. 2011a) . This type of helical domain movement is common for multidomain G-proteins (Wittinghofer and Vetter 2011) .
In another follow-up study to examine the significance of the G5 motif of FeoB in GTP hydrolysis, Guilfoyle et al. (2014b) determined the structure of the FeoB A143S G5 loop mutant in S. thermophilus and the FeoB T151A G5 loop mutant in E. coli. Escherichia. coli FeoB has an intrinsically higher GDP dissociation rate compared to S. thermophilus. Interestingly, E. coli FeoB is one of the few proteins with a serine residue in the G5 loop. Thus, a S. thermophilus FeoB A143S G5 loop mutant was produced to examine the structural and biochemical properties of this mutant (Guilfoyle et al. 2014b) . As predicted by Guilfoyle et al. (2014b) , the increased GDP dissociation rate observed in E. coli FeoB is a result of the loss of and increased distance of hydrogen bonds to the nucleotide base due to the serine inserted in the G5 loop. Structural analysis of this mutant supported the associated biochemical studies further cementing the importance of the G5 loop in the G-protein cycle. To further understand the role that each amino acid in the G5 motif plays in nucleotide affinity, GTP hydrolysis and GDP release each of the residues in the G5 loop of E. coli NFeoB (Val149 to Gly154) was systematically mutated to alanine (Guilfoyle et al. 2014b ). The two residues most important for the intrinsic affinity and release of GDP are Ser150 and Thr151. The S150A mutant had an increased GDP affinity as well as a GDP release rate 7-fold slower than that of the wild-type protein. The S150A mutation creates a more stable GDP-binding environment. In the E. coli FeoB structure, the hydroxyl group of Thr151 forms an electrostatic interaction with the N1 nitrogen atom of the nucleotide base while its methyl group is involved in hydrophobic interactions with nucleotide base. Both of these stabilizing interactions are abolished in the T151A mutation, explaining the increased GDP release rate when compared to the wild-type protein. These mutation studies demonstrated that the two most important residues for nucleotide and affinity are the second (Ser150) and third (Thr151) residues of the G5 loop. These are also the two residues that have the largest conformational shift in the E.coli NFeoB structures, further demonstrating that G5 loop movement may be the driving factor for GDP release. It is still unclear whether this G5 loop movement is a preprequisite for GDP release or is caused by GDP release. To gain additional insight, Guilfoyle et al. (2014a) designed a chimeric protein comprised of E. coli NFeoB (fast GDP-releasing GTPase) with the G5 loop from the human Giα1 protein (slow GDP-releasing GTPase)(ChiNFeoB). The ChiNFeoB structure has two molecules in its asymmetric unit: one in the nucleotide-free; and other in the GDP-bound state. Both molecules are nearly identical with both G5 loops in the same confirmation. When compared to wild-type NFeoB, ChiNFeoB has an extended α6 helix with an extra turn on the Nterminal end, resulting in a smaller G5 loop that is more stable when coordinating bound GDP. The reduced GDP affinity, on rate and GDP release rate suggests that the loop movement observed in wild type NFeoB is likely important for the GDP release Legend FeoC ROK protein family mechanism. This supports a model where the G5 loop movement occurs prior to GDP release.
Taken together these structural studies have led to the visualization of the complete NFeoB G-protein cycle (Figs 7C and 9 ). It appears that the nucleotide state of the G-protein can be relayed to the GDI-domain through the movements of Switch II. The rearrangement of secondary structural elements in the Gand GDI-domains then leads to information being transmitted to the transmembrane domain. This communication allows the transmembrane domain to sense the nucleotide-bound state of the G-domain. Whether or not the G-domain is capable of providing the transmembrane domain of FeoB with energy through the hydrolysis of GTP, or whether it merely acts as a sensor of the energy state of the cell remains to be seen.
Integrating all of the functional and structural data presented for FeoB, it appears that Fe 2+ enters the cell through the Gate motifs, while NFeoB informs the transmembrane region about the energy state of the cell via movements in the GDI-domain. The periplasmic region in Gate 2, the highly conserved core CFeoB and the carboxy-terminal region of FeoB may assist ferrous iron trafficking in the periplasm, transmembrane region and cytoplasm, respectively (Fig. 6 ).
FeoC
The feoC gene also termed yhgG follows feoA and B in the E. coli feo operon, and its protein is only found in γ -proteobacteria (Cartron et al. 2006) . FeoC was first identified in E. coli K12 with its start codon overlapping with the stop codon of FeoB. E. coli FeoC is a small cytosolic protein of 78 amino acids with a pI of 7.7. FeoC was predicted to possess a helix-turn-helix motif structure, or more specifically, a LysR-like winged-helix motif, that has a β-pleated sheet hairpin in between the second and third helices (Figs 11A and B) (Cartron et al. 2006; Maddocks and Oyston 2008) . The second and third helices of such proteins are known to interact with DNA with the third helix inserting into the major groove to regulate transcription (Maddocks and Oyston 2008) . LysR family proteins are able to act as both transcription activators and repressors depending on the location of the helix-turn-helix in the protein (Maddocks and Oyston 2008) . The helix-turn-helix motif of FeoC is located at the N-terminus, which would classify it as a transcriptional repressor. A unique feature of FeoC is its extralarge 'wing' region, which possesses cysteines that are predicted to bind iron by forming iron-sulfur clusters (HAMAPHigh-quality Automated and Manual Annotation of Microbial Proteomes) (Fig. 11B ) (Lima et al. 2009 ). Examination of all the available FeoC sequences (April 2015) reveals that these four cysteines are perfectly conserved, which suggests that they could play an important role in sensing iron. In support of this, it has recently been shown that these conserved cysteines in K. pneumoniae FeoC can form iron-sulfur clusters (Hsueh et al. 2013) . Similar to coinducer binding of the LysR family proteins, the binding of iron in this 'wing' loop may trigger conformational changes in the tertiary structure of this protein that regulate its affinity towards DNA (Maddocks and Oyston 2008) , although this remains to be demonstrated experimentally for FeoC. Three structures of FeoC are currently available, two from K. pneumoniae (PDB ids: 4AWX and 2K02) (Hung et al. 2012a,b) and the other from E. coli (PDB ids: 1XN7) ( Table 2 ). The two FeoC structures were determined through solution NMR studies and possess a typical helix-turn-helix motif. Examination of the sequences of K. pneumoniae (KpFeoC) and E. coli FeoC (EcFeoC) reveals that they are 72% identical, and the structures are quite similar with an r.m.s.d of 1.627Å for the N-terminal helical bundle region (Hung et al. 2012a) . The reduced form of KpFeoC has a better defined β-sheet structure while EcFeoC has shorter β-strands and a more open structure in the β-strand 2 and 3 region (Hung et al. 2012a ). Hung et al. also examined the ability of FeoC to sense divalent metal ions. More specifically they examined zinc and ferrous iron binding to FeoC and found that only zinc binds to the cysteines of the 'wing' loop (Hung et al. 2012a) . They suggested that iron binding should not be ruled out however because iron-sulfur clusters are highly unstable and usually require a dedicated biosynthetic machinery for stabilization, and hence, they were not observed in their in vitro experiments. They also investigated KpFeoC's ability to bind DNA and could not find any evidence for DNA-binding. Moreover, zinc and ferrous iron were added to observe their possible effect on DNAbinding of KpFeoC. The addition of zinc or iron did not enhance DNA-binding (Hung et al. 2012a) . Thus, in spite of the fact that the structures of FeoC and LysR family proteins resemble each other, these authors could not show that KpFeoC directly binds iron or DNA.
Guo et al. previously noted that FeoC acts as a transcriptional repressor because the FeoC mutant in Y. pestis had an increased resistance to certain antimicrobial peptides (Guo et al. 2011) . Furthermore, overexpressing feoAB resulted in a similar result which led to the conclusion that FeoC acts as a transcriptional repressor for the feo operon (Guo et al. 2011) . Contrary to the results observed by Guo et al., Fetherston et al. did not observe FeoC's transcriptional regulation effect on the Y. pestis feo operon (Fetherston et al. 2012) . Clearly, additional in vivo transcriptional regulation studies need to be performed to rationalize these conflicting results.
Recently, alternate roles of FeoC in ferrous iron transport have been explored. Hung et al. crystallized K. pneumoniae NFeoB (KpNFeoB) together with a portion of FeoC that lacks the dynamic region (KpFeoC) (Hung et al. 2012b) . This truncated KpFeoC binds in between the G-domain and the GDI-domain of KpNFeoB (Hung et al. 2012b) (Fig. 12) . Due to the fact that the 'wing' loop of KpFeoC was not crystallized in the complex, the complete solution structure was superposed onto the complex and from this model the position of the flexible loop of FeoC was found to be near the nucleotide-binding site of KpNFeoB. It was proposed that the conserved cysteines in this loop can form metal complexes or iron-sulfur clusters which in turn can affect the interaction of the 'wing' loop with the surrounding residues thus regulating G-protein signaling processes (Hung et al. 2012b) . These authors also suggested that KpFeoC can regulate the trimeric pore formation of KpNFeoB that was previously observed in the crystal structures of E. coli NFeoB and KpNFeoB (Guilfoyle et al. 2009; Hung et al. 2010) . They found that KpFeoC does not bind to the KpNFeoB trimer and KpFeoC binding to KpNFeoB interferes with the formation of the KpNFeoB trimer (Hung et al. 2012b ). This study illustrated a possible alternate role for KpFeoC; however, it does not adequately explain the lack of preservation of FeoC in the bacterial kingdom. If FeoC would be required for regulating pore formation and iron transport by binding to FeoB, then it would likely be more widely conserved and should not only be present in a small fraction of bacteria that rely on the Feo system for uptake of ferrous iron.
FeoC has been shown to interact with FeoB in vivo in both V. cholerae and S. enterica (Kim, Lee and Shin 2013; Weaver et al. 2013) . In S. enterica, FeoC was found to protect FeoB from FtsHmediated proteolysis by interacting with its N-terminal region (Kim, Lee and Shin 2013) . To gain more insight into the mech- anistic role of FeoC in ferrous iron transport, the level of FeoC under aerobic and anaerobic conditions was studied (Kim, Lee and Shin 2015) . Under anaerobic conditions, FeoC is thought to have a reduced Fe-S cluster, which makes it less susceptible to Lon-mediated proteolysis. The protective binding of FeoC to FeoB results in both the accumulation of FeoB and the uptake of ferrous iron in anaerobic, iron-limited environments. If the environment becomes oxygenated, the Fe-S cluster of FeoC is thought to be oxidized, making it more susceptible to Lonmediated proteolysis. FeoB is now exposed to FtsH-mediated proteolysis (Kim, Lee and Shin 2015) . Thus, proteolytic regulation of FeoC may prevent the accumulation of FeoB and uptake of ferrous iron when a bacterium's environment shifts from anaerobic to aerobic conditions. Additional studies with FeoC from different bacterial species are required to confirm the mechanistic role of FeoC in ferrous iron transport.
BIOINFORMATICS ANALYSIS feo operon organization
To gain more insight into the functions of the Feo proteins, an analysis of the organization of the feo operon was performed; an exercise facilitated by the availability of many sequenced and annotated bacterial genomes. Many different forms of the feo operon exist, the most prevalent being feoA followed by feoB (54%) (Fig. 3B) . Moreover, 89% of all feo operons have feoA and feoB both present (Fig. 3B) . Often times in prokaryotes, interacting proteins are situated adjacent to each other in the same operon (Lee and Helmann 2007) . The high percentage of operons containing both feoA and feoB suggest that they functionally interact, and this is supported by studies of feoA mutant that results in reduced ferrous iron transport efficiency (Kammler, Schon and Hantke 1993) . Thus, feoA appears to play a supporting role to FeoB in this transport system, and this is reflected in the abundance of sequenced genomes in which both these genes are present simultaneously in one operon.
The presence of multiple feoA genes within a feo system is particularly interesting. Gene duplication events usually result in paralogs where one maintains its 'main' function, while the other evolves to a different function (Lee and Helmann 2007) . Comparing the sequences between multiple feoAs within a feo system reveals a lack of sequence conservation (Cartron et al. 2006) . This suggests diversified functions, assuming that both parts are indeed functional. Duplicated feoBs have been previously noted to transport both manganese and iron (Cartron et al. 2006) , thus the notion that a feoA gene can possess more than one function seems reasonable. In addition to duplicated feo genes observed in a given operon, some organisms clearly possess multiple Feo systems. Interestingly, it is in these multiple feo systems that the duplicated feoAs exist. The role of the extra feo system(s) remains to be elucidated. It is possible, that like the duplicated genes, the additional system may provide for an alternate transport function. Alternatively, they could have closely related functions, but they may be expressed under different physiological conditions.
The second most prevalent pattern of the organization of feo operons is of feoB occurring alone (11%) (Fig. 3B) . In fact, feoB can also occur as two separate proteins where the N-and C-regions are expressed separately (5%) (Fig. 3B) . The rationale for the separation of these two domains within one operon is unclear; however, this may be related to the evolution of the tethering of the N-terminal G-protein domain to the membrane region of FeoB (C-terminus). Expressing FeoB as two separate proteins would allow the N-terminus to be free from the transmembrane region, which might result in it performing other intracellular functions in addition to the role it plays with the transmembrane region of FeoB.
Another interesting feature observed from the distinct feo operon organizations is the presence of feoC (Fig. 3B) . As mentioned before, feoC appears to be only present in γ -proteobacteria (Cartron et al. 2006) . Analyzing the different feo systems reveals that the Cys-rich carboxy-terminal portion of FeoB that is present in the E. coli form, is often present together with FeoC (Fig. 3B) . Hence, the carboxy-terminal domain of FeoB could potentially work together with FeoC to shuffle the ferrous iron away from the membrane 'pore' where the iron is transported (Fig. 5B) . However, this can only occur in some systems, as not all feo systems which contain feoC possess this Cys-rich carboxy-terminal region (Fig. 3B) .
Pfam analysis
To further explore the roles of the Feo proteins at the domain level, the primary sequences of the Feo proteins were submitted to Pfam, a curated database of protein domain organizations (Punta et al. 2012) . Querying the FeoA protein domain in the Pfam database revealed that the FeoA domain occurs most often by itself (64%) or covalently associated with a DNA binding and dimerization domain (Fig. 13) . This type of structural architecture is typical of metal-dependent transcriptional regulators and this supports the previously discussed structural comparison results.
Structural analysis of FeoA revealed a SH3-like structure. As we have previously mentioned, this may suggest that it might function similar to eukaryotic SH3 domains to interact with Gproteins; however, this was not observed (Lau et al. 2012) . Proteins are limited in their folding space and as a result, many proteins may have similar folds. However, possessing the same fold does not necessarily imply a similar function. A classic example of this concept is the Rossmann superfold which is adopted by proteins that are associated with at least 50 different functions (Lee and Helmann 2007) . Putting this into perspective with our Pfam results would suggest that FeoA may possess a function that is different from the one commonly observed for eukaryotic SH3 domains (Fig. 13 ). Despite their high structural similarity (r.m.s.d 2.64Å), significant differences exist such as the aforementioned substitution of the RT-Src loop in SH3 domains by an α-helix in FeoA (Fig. 4F ). Such differences in the secondary structure of structurally related proteins can affect the overall function of the fold/protein/domain (Marsden et al. 2006) . For example, in the case of the D-Ala-D-Ala-ligase and biotin carboxylase enzymes, although they have similar global folds, additional secondary structural elements in the ATP-grasp domain of biotin carboxylase give rise to a change in substrate specificity (Lee, Redfern and Orengo 2007) . Likewise, the insertion of the α-helical lid in FeoA would result in a novel function that is not commonly associated with SH3 folds. Analysis of the structures of FeoA do not suggest DNA binding capabilities; however, the presence of a homologous feature within bacterial multidomain transcription regulatory proteins (ScaR/IdeR/DtxR) suggests that it could perhaps interact with other proteins to form a complex that enables it to function in this manner (Fig. 13) .
Other intriguing FeoA domain architectures are: the double or triple FeoA domains, fused FeoA/B proteins, as well as FeoA occurring in association with other GTPase domains (Fig. 13) . Domain duplication and domain shuffling within multidomain proteins is commonly used during evolution of protein functions (Orengo et al. 2002) . Domain shuffling can sometimes affect the domain orientation in the tertiary structure leading to a change in function (Orengo et al. 2002) . As illustrated in Fig. 12 , there are many duplicated FeoA domains, as well as FeoA domains that are part of multidomain proteins. Gene fusions (e.g. FeoA/B) may be subject to selection pressure because it increases their relative concentrations while removing requirements for coregulation (Lee and Helmann 2007) . Although highly speculative, as based solely on the diversity of the Pfam results, FeoA appears to be a multifunctional protein.
Searching the FeoB sequence in the Pfam database yields results that separate FeoB into two categories: NFeoB and CFeoB (Fig. 14) . NFeoB represents the N-terminal G-protein domain of FeoB while CFeoB represents the 'core' part of the transmembrane region that is sandwiched between the two Gate motifs (Fig. 6 ). It should be noted that the 'core' CFeoB region mentioned here is different from the carboxy-terminal part of FeoB. The conserved 'core' CFeoB region as identified by Pfam is strictly restricted to the region in between the Gate motifs (Fig. 6) . NFeoB is presented with 25 different possible protein domain architectures (Fig. 14A) . The most prevalent (81% occurrence) was NFeoB followed by two Gate motifs, that in turn sandwich the core CFeoB region (Fig. 14A) . Notably, this domain arrangement is similar to the one that is present in E. coli K12 FeoB. The second most prevalent (∼7% occurrence) protein domain organization is with NFeoB alone or as a FeoA/FeoB fusion protein (Fig. 14A) . The remaining domain architectures with an NFeoB domain all occur with a frequency of 2% or lower. These 22 remaining domain organizations have the NFeoB domain presented together with other G-proteins, RNA binding domains, transcriptional regulators, virus attachment proteins, an unknown domain, multiples of the Gate motif or CFeoB (Fig. 14A) . Based on the Pfam analysis, the main function of NFeoB appears to be intertwined with the functions of the Gate motifs and the core CFeoB region (Fig. 14A) . NFeoB may function to regulate the activity of the Gate motifs by providing energy for active transport or for coupling the energy state of the cell to the Gate regions.
Searching for the core CFeoB region in the Pfam database produced 16 different protein organizations, some of which overlap with the NFeoB results (Fig. 14B) . Like NFeoB, the most frequent (84%) type of CFeoB domain architecture is NFeoB followed by two Gate motifs sandwiching the CFeoB (Fig. 14B) . Apart from this, the core CFeoB occurs together with a G-protein, NFeoB or a MMR-HSR1 related protein (which stands for Mismatch Repair, Heat Shock RNA-1, a GTP-binding protein with five GTPbinding motifs), 8.5% of the time (Fig. 14B ). There are five instances where the core CFeoB domain is not present with a Gprotein domain (7.5% occurrence) (Fig. 14B) . Of the remaining domain organizations, CFeoB always occurs together with a Gate motif, with the exception of a single occasion, where CFeoB occurs alone. Clearly these two functions must be linked. It seems that the core CFeoB domain could assist the Gate motifs in trafficking iron through the membrane (Fig. 6) .
Searching FeoC in the Pfam website resulted in three domain organizations (Fig. 11C) . The most common is FeoC alone, occurring 99% of the time. The other domain architectures have FeoC being associated with ROK, a member of the Actin ATPases and the transcriptional regulator IClR (Fig. 11C) . The search of the Pfam database for FeoC suggests that 99% of the time, it functions independently of other domains.
CONCLUDING REMARKS
The Feo system has been clearly shown to be important for the virulence of pathogenic species as well as for the survival of commensal bacteria. As such it is an interesting target for the development of new antimicrobial components. Much in vivo work has already been pursued with the Feo system, and recently, a plethora of NFeoB protein crystal structures complement these results. The recent FeoA solution structures along with the bioinformatic analysis suggest that FeoA may have divergent functions, including interacting with FeoB or forming a regulatory complex with other proteins (Fig. 5B) . The available 
